A 13 C-NMR anisotropic hyperfine coupling tensor was determined as 2(Ϫ1.68, Ϫ1.68, 3.37) ϫ10 6 rad/sec for C 60 3Ϫ in A 3 C 60 superconductors, where A is an alkali metal, by analyzing 13 C-NMR spectra below 85 K. Combined with an isotropic coupling constant of (2ϫ0.69)ϫ10 6 rad/sec, the 2s and 2p characters of the electronic wave functions at the Fermi level were deduced. The results were compatible with local-density-approximation band calculations. From a simulation of 13 C-NMR spectra at superconducting state, the traceless chemical ͑orbital͒ shift tensor and isotropic chemical shift were determined as ͑67, 34, Ϫ101͒ ppm and ϳ150 ppm, respectively. An estimated magnetic penetration depth is larger than 570 nm in K 3 C 60 . Furthermore, the modified Korringa relation, T 1 TK 2 ϳ␤S ͑with Knight shift K, spin-lattice relaxation time T 1 , and Korringa constant S͒, clearly showed the existence of weak but substantial antiferromagnetic spin fluctuation in A 3 C 60 ; ␤ϭ0.40-0.58 with an error of Ϯ20%. The Stoner enhancement factor was also determined as 1-1.5 from a comparison between spin susceptibility obtained from NMR and band-calculation results. ͓S0163-1829͑98͒00542-6͔
I. INTRODUCTION
One of the most important quantities to analyze NMR data in metal is a hyperfine coupling constant that describes the interaction between electronic spin and interesting nuclear spin. Although 13 C-NMR in C 60 superconductors A 3 C 60 ͑where A is alkali metal͒ has been extensively studied by many authors, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] a reliable value for this quantity has not yet been determined in this system. For this reason, limited analyses of the NMR data to obtain information on the electronic state have been reported. For example, NMR evidence for the electronic correlation effect in C 60 superconductors, which has been believed to be important, is still controversial.
However, there are several reports on the hyperfine coupling constants. For example, it was discussed that a dipolar mechanism dominates the 13 C spin-lattice relaxation rate 1/T 1 by Antropov et al. on the basis of their band calculations, 12 and by Maniwa et al. from the experimental point of view. 5 A larger isotropic coupling was reported by Kerkoud et al. 6 and Sasaki et al., 10 which corresponds to an isotropic Knight shift of 60-80 ppm in K 3 C 60 at room temperature. An experimental determination of both the isotropic and anisotropic coupling constants, a iso and d, was reported for the first time to our knowledge by Zimmer et al. in Rb 3 C 60 . 3 Sasaki et al. also discussed the ratio in K 3 C 60 . 10 However, it might be difficult to obtain the reliable value in these studies because spin susceptibility of their materials s is almost temperature independent. Recently, this difficulty was overcome by a finding that s of (NH 3 ͒K 3 C 60 shows a larger temperature dependency. 13 This and sharp 13 C-NMR spectra observed in this material allowed us to determine a iso as 2(0.69Ϯ0.06)ϫ10 6 rad/sec for A 3 C 60 . 8 The corresponding Knight shift in K 3 C 60 is 37 ppm. However, the d remains to be determined. In this context, we performed a simulation of the 13 C-NMR spectra. Using the value for a iso previously reported and the anisotropic Knight shift obtained from the simulation, we successfully determined the value for d in typical C 60 superconductors K 3 C 60 , Rb 3 C 60 , and Rb 2 CsC 60 . The results were critically compared with the previous ones and band calculation results.
Based on these studies, we examined the so-called modified Korringa relation, which holds for conventional metals, to study the role of the electronic correlation in A 3 C 60 . Although many authors have suggested the importance of electronic correlation, 1,14 definite NMR evidence seems not to have been established. Finally, we report an analysis of 13 C spectra in the superconducting state of K 3 C 60 that gave information on the chemical ͑orbital͒ shift of A 3 C 60 and magnetic penetration depth in the superconducting state.
II. EXPERIMENT AND RESULTS

13
C-NMR was observed with conventional pulse and Fourier-transform NMR apparatus at a magnetic field of 4 and 9.4 T. Powder samples of K 3 C 60 and Rb 3 C 60 were prepared by conventional vapor-reaction technique. In K 3 C 60 , 13 C was enriched to ϳ20% from the natural abundance of 1.1%, and the starting C 60 powder was purified by the sublimation method. 15 Low-field magnetic susceptibility measure- The shielding fraction was more than 60% in both the samples.
C-NMR spectra in K 3 C 60 and Rb 3 C 60 have been known to be strongly temperature dependent at elevated temperatures. In Fig. 1 , the full width at half maximum ͑FWHM͒ of the 13 C-NMR spectra in K 3 C 60 and Rb 3 C 60 is shown. Above ϳ150 K, the linewidth decreases with temperature. Such behavior is interpreted by motional narrowing of the NMR spectra: 16 i.e., above ϳ150 K, C 60 molecules begin to rotate in a time scale shorter than the inverse of NMR linewidth, ϳ10 sec. Because this averages out the anisotropy, only the low-temperature spectra ͑Ͻϳ100 K͒ were simulated in the present study.
A. Basic assumptions for simulation of 13 
C-NMR spectra
The NMR frequency shift of a 13 C nucleus with gyromagnetic ratio ␥ n , ⌬ f is given by the z component of (␥ n /2)Ã H, where Ã is a shielding tensor of second rank and H is an applied magnetic field with components (0,0,H 0 ). 17 The fractional frequency shift, ⌬ f / f 0 , where f 0 is ␥ n H 0 /2, is given by Ã . In the present paper, ⌬ f is measured from a resonant frequency of TMS ͑tetramethylsilane͒, and the positive shift corresponds to a resonance frequency higher than that of TMS at the same field. There are two types of interactions between electron and interesting nucleus: electronic-spin-nuclear-spin interaction and electronic-orbital-nuclear-spin interaction. We call the shift tensor due to these interactions Knight shift K and chemical shift , respectively. Another important interaction is nuclear-dipole-nuclear-dipole interaction. This is also described by a second-rank tensor. However, it cannot change the isotropic shift or the center-of-mass position in the powder spectrum because this tensor is traceless. In the case of spin larger than one half, there is electronic quadrupole interaction. However, this is not applied to 13 C-NMR with spin 1 2 .
In the present simulation, we assumed the following. ͑1͒ An anisotropic ͑traceless͒ part of chemical and Knight shift tensors and K is axial symmetric and its principal axes are the same. Therefore, the principal values for and K can be denoted by (␦ 1 ,␦ 1 ,␦ 3 ) and (K 1 ,K 1 ,K 3 ), where 2␦ 1 ϩ␦ 3 ϭ0 and 2K 1 ϩK 3 ϭ0, respectively. The total shift tensor ϩK is given by (␦ 1 ϩK 1 ,␦ 1 ϩK 1 ,␦ 3 ϩK 3 ). It is known from a symmetry consideration of the electronic wave function at the carbon site in C 60 that the third principal axis should be nearly parallel to the carbon 2 p z orbital.
͑2͒ Isotropic chemical shift is 150 ppm and temperature independent, as argued in previous reports. 8 An observed linearity between the 13 C shift at room temperature and the square root of the low-temperature 13 C spin-lattice relaxation rate, except for ammoniated A 3 C 60 , suggested that the origin of the Knight shift does not significantly change within A 3 C 60 superconductors with face-centered-cubic structure ͑fcc͒.
8,18
͑3͒ The traceless chemical shift tensor is the same as that of pure C 60 , and approximated to an axial symmetric tensor with the principal values ͑54.2, 54.2, Ϫ108.4͒ ppm. 19, 15 Validity of this assumption is given by a simulation of 13 C spectra at a superconducting state where the Knight shift disappears, as shown later. It should be also noted that the anisotropic chemical shift of insulating A 6 C 60 is roughly the same as that of pure C 60 solid: ͑218, 218, 32͒ ppm from TMS for K 6 C 60 and ͑223, 213, 30͒ ppm from TMS for Rb 6 C 60 with the isotropic shift of 156 ppm. 20 This suggests that the chemical shift anisotropy does not significantly vary within A 3 C 60 compounds.
͑4͒ Isotropic Knight shift K iso , is 37 ppm for K 3 C 60 , 41 ppm for Rb 3 C 60 , and 43 ppm for Rb 2 CsC 60 , which were estimated from the lattice constant at room temperature. 8 The expected small temperature dependence of a few ppm are ignored. The procedure from ͑1͒-͑4͒ is illustrated in Fig. 2 .
͑5͒ There are three carbon sites with intensity ratio of 1:2:2. These carbon sites have different local density of states whose ratio is given by a band calculation; ϳ4:ϳ7:ϳ12 for K 3 C 60 , ϳ3:ϳ4:ϳ7 for Rb 3 C 60 , and ϳ3:ϳ4:ϳ7 for Rb 2 CsC 60 . 21 The Knight-shift anisotropy should be proportional to the local density of states. Thus, the observed line shape is a superposition of three powder line shapes coming from these three carbon sites. However, the site dependence of K iso is ignored, because the absolute value for K iso is much smaller than the Knight-shift anisotropy of 250-300 ppm, as shown later.
͑6͒ Additional inhomogeneity, deviation from axial symmetry, and nuclear-dipolar interaction are included by a convolution of a Gaussian function exp͓Ϫ(⌬f/⌬ i ) 2 ͔, where i ͑ϭ1,2,3͒ denotes the three carbon sites. An inhomogeneity has been actually observed by high-resolution NMR experiments in Rb 3 C 60 even at room temperature where motional narrowing is partially taking place. 20 With increasing 13 C concentration, homonuclear 13 C-
13
C dipolar coupling becomes important to the 13 C line shape. 22 However, the 13 C-T 2 measurements indicated that the linewidth due to this coupling is still smaller than ϳ5 ppm at 9.4 T even in the present 13 C-enriched sample K 3 C 60 . This value is much smaller than the obtained Gaussian broadening linewidth ⌬ i , as well as the anisotropy of Knight-shift and chemical-shift tensors, as shown later.
B. 13 C-NMR spectra in normal state
With the above assumptions, we simulated the observed NMR spectra to obtain the traceless Knight-shift tensors (K 1,i ,K 1,i ,K 3,i ), where i ͑ϭ1,2,3͒ denotes the carbon site. The results are shown in Fig. 3 3 is close to the present result ͑190.7, Ϫ95.3, Ϫ95.3͒ ppm. These agreements suggest that the averaged Knight-shift anisotrpy can be obtained within ϳ15% accuracy, irrespective of a single or a three Knight-shift tensor assumption.
To obtain good fitting, however, we need the large inhomogeneity of ⌬ i ϭ40-60 ppm. Although this is partially due to a deviation from axial-symmetric chemical and Knightshift tensors, there must be a large distribution of carbon atoms with different electronic states.
The ratio of a traceless Knight shift to an isotropic one 10 We believe that in their fitting and data quality it is difficult to deduce a usefully accurate Knight-shift tensor from the 13 C-NMR spectra with linewidth much larger than the expected isotropic shift.
From the above estimate of ͗K 3 ϪK 1 ͘/K iso and the value for a iso , we can obtain the anisotropic ͑traceless͒ hyperfine coupling tensor (d 11 
where s is the spin susceptibility per C 60 , and ␥ e (␥ n )Ͼ0 is the electronic ( 12 Such a large value was explained by a compression of the wave function in the crystal. One possibility for the difference is a mixing of 2p x and 2p y orbitals to the wave function, which was neglected in the present analysis. If we include 2 p x and 2p y components, the righthand side of Eq. ͑3͒ should be multiplied by a factor smaller than unity, and thus we would have a larger value for ͗1/r 3 ͘.
Similarly, we can estimate a carbon 2s component in the conduction-electron wave function using a iso given by (8/3)͉͗u(0)͉ 2 ͘(ប␥ e ␥ n ). We obtain ͉͗u(0)͉ 2 ͘ϭ0.037a B
Ϫ3
for the wave function normalized in carbon atom. This value is compared with 2.767a B Ϫ3 for the free-carbon 2s orbital. The ratio of these values gives a measure of the 2s component in the conduction-electron wave function at E F : ϳ1.3%. The result is in fairly good agreement with those of calculations using the full-potential linear muffin-tin orbital ͑LMTO͒ method: N s (E F )/N p (E F ) of 1.3-4.2 % depending on the three carbon sites for K 3 C 60 . 21 Here N s (E F ) and N p (E F ) are the density of states at the Fermi level from carbon 2s and 2p z orbitals, respectively. The present result is also consistent with a previous estimate by 13 C-NMR: N s (E F )/N p (E F )Ͻ1/45. 5 However, an estimated value of ϳ1/150 by Antropov et al. seems to be slightly smaller than the present result. 12 It is also compared with a highresolution solution NMR study that led to the 3% s character ''left'' in the p z orbital. 24 The hyperfine coupling constant should be also estimated from an EPR experiment. 25 However, in the present case, there is no report for the C 60 3Ϫ ion within our knowledge.
14 Therefore, the present study is the first complete determination of 13 C hyperfine coupling constants for C 60 3Ϫ .
C. Korringa relation and electronic correlation
Next, we discuss the modified Korringa relation. In the case of the isotropic hyperfine interaction, 26 the Korringa relation is given by
where deviation of ␤ from unity is a sign of the importance of electron-electron interaction ͑electronic correlation͒, and the Korringa constant S is 4.165ϫ10 Ϫ6 (sec K) for 13 C nucleus. For the dipolar interaction ͑dipolar mechanisms͒, 5, 23 the powder ͑angular͒ averaged T 1 is related to Knight shift as
͑5͒
where we neglected the effect of electronic correlation.
If there are the above two types of interaction,
after averaged over the three carbon sites, is expressed as
͑6͒
In this formula, an enhancement factor ␤ was introduced as in Eq. ͑4a͒, and ͗K 2 ͘ means the site average. A similar formula for a single shift tensor has also been deduced by Mehring et al. 27 Using the site-averaged values for ͗1/T 1 T͘ and ͗K 1 2 ͘, we obtain the enhancement factor ␤ as shown in Table I . The reliability in this estimate of the absolute value for ␤ may be Ϯ20%, which is partially due to the definition of T 1 (ϳ10%) and the other comes from Knight-shift determination ͑ϳ10%͒. Therefore, ␤ is (0.40Ϯ0.08) -(0.58Ϯ0.17) and temperature independent as is usual for a Fermi liquid in the temperature range studied. It shows that the deviation from Korringa relation for noninteracting electrons, that is, the deviation from unity in ␤ is not so large compared with conventional metals with ␤ϳ1. However, ␤ is smaller than unity. This means that the enhancement of 1/T 1 due to antiferromagnetic spin fluctuation is more significant than ferromognetic enhancement in K. ͓K is proportional to dynamic spin susceptibility with qϭ0 and ϭ0,(0,0), while 1/T 1 is proportional to the q sum of (q,).͔ The present results for ␤ are compared with those obtained by Mehring et al. 1/2.5 for Rb 3 C 60 and 1/2.7 for K 3 C 60 at 300 K. 27 Although their estimated hyperfine coupling constants are ϳ3 times larger than the present values, the obtained ␤ is very close to each other. This is because Eq. ͑6͒ does not explicitly include the values for the coupling constants.
The electronic correlation in A 3 C 60 has also been discussed by Pennington et al. in terms of Korringa relation. 9 Based on a measurement of frequency ͑shift͒-dependent T 1 in the observed spectra and on an assumption of single Knight-shift tensor, they considered that the dipolar contribution to 1/T 1 , (1/T 1 ) dip , would be about half of the 1/T 1 observed. From the obtained (1/T 1 ) dip and Korringa relation with ␤ϳ1, they successfully reproduced the observed line shape. Thus, they suggested null evidence for strong correlation in A 3 C 60 superconductors. However, it is not clear that the observed frequency dependence in T 1 is directly related to T 1 anisotropy in the case of the presence of different ͑or a large number of different͒ carbon sites with different electronic density of states. Maniwa et al. also discussed Korringa relation in A 3 C 60 . 5 Their analysis gives only a range of 0.4-1.8 for ␤. On the other hand, Sasaki et al. reported a substantially larger enhancement factor: K(␣)w1/␤ϭ7.4 Ϯ0.1.
11 Their argument is based on the value of a iso /d 11 ϭϪ0.78 for the ratio of the hyperfine coupling constant, which is much larger than the present result, and also based on deduction of (1/T 1 ) iso from the observed (1/T 1 ) obs . It is apparently known that (1/T 1 ) iso is much smaller than (1/T 1 ) obs at low temperatures. However, they considered that (1/T 1 ) iso becomes equal to (1/T 1 ) obs at high temperatures because the anisotropic hyperfine coupling could be averaged out by C 60 molecular rotation. This is unlikely to occur. Even at high temperatures where C 60 exhibits a largeamplitude molecular rotation, the observed (1/T 1 ) should be just a site-and angular-averaged value. This does not mean that the contribution from the dipolar interaction to (1/T 1 ) can be ignored.
D. Stoner enhancement
The electronic density of states at the Fermi level N(E F ) can be also discussed. Using Eqs. ͑1͒, ͑2͒, and ͑6͒, we have
Substitution of the values for d 11 and a iso into Eq. ͑7͒ leads to
͑8͒
For K 3 C 60 with ␤ϭ0.58 and ͗1/T 1 T͘ϳ1/137 (1/sec K),
N(E F )ϭ9.9, 6.6, and 4.9 (states/eV spin C 60 ) for ␣ϭ1, 1.5, and 2.0, respectively. It is difficult to estimate ␣ from experimental data alone. Here, we employ the values of bandstructure calculations, 12,21,28-30 which give around 9 states/eV spin C 60 for K 3 C 60 for an orientationally ordered state, as shown in Table II. One example of N(E F ) as a function of the lattice constant, calculated by Huang et al. 30 is shown in Fig. 4 , along with ␣N(E F )ϭ s /2 B 2 obtained from a NMR Knight shift at RT. 8 The difference in Fig. 4 indicates that ␣ is ϳ1.14. Unexpectedly, it seems to be independent of the lattice constant. This may be an anomaly in materials close to the insulating phase that would appear with increasing lattice constant.
However, the real systems have C 60 merohedral disorder, which substantially changes the structures of the density of states. 31 Recently, it was reported that N(E F ) of the disordered system is reduced by 15-20 % ͑Ref. 32͒ or increased by ϳ20% ͑Ref. 33͒ compared to that of the ordered system. In the experimental point of view, it is difficult to determine whether the disorder leads to an increase or decrease in N(E F ), although the spin susceptibility of Na 2 AC 60 has been found to be slightly larger in the orientationally disordered phase than the ordered simple-cubic phase at low temperature. 34 Therefore, we just note that ␣ is not so large, probably in a range of 1 to 1.5, taking the reduction factor of Ϯ20% into account. 
͑9͒
Here, ␦ orb is an orbital shift ͑or chemical shift͒ and usually temperature independent even at the superconducting state. On the other hand, Knight shift K decreases with temperature, and follows a Yoshida function. 35 Such behavior was actually observed by Stenger et al. 36 which indicated that isotropic Knight shifts of alkali-metal NMR of A 3 C 60 superconductors are described as typical weak-coupling superconductors with Kϳ0 at Tϳ0. The third term of Eq. ͑9͒ is a diamagnetic field due to superconducting shielding. When the vortex forms a triangular lattice, 37 it is given by
where ⌽ 0 is flux quantum, magnetic penetration depth, d the nearest-neighbor vortex distance, coherence length, and N the demagnetization factor. Using these equations together with Eq. ͑11͒, we can obtain isotropic and anisotropic chemical shift and the penetration depth . Figure 5 shows the temperature dependence of 13 C-NMR spectra in K 3 C 60 observed at 9.4 T. Significant change of the line shape can be observed. The isotropic shift ␦ iso and the linewidth ͑FWHM͒ ⌬␦ are shown in Fig. 6 . An rf frequencyshift measurement indicated that the superconducting transition temperature is around 15.5 K at 9.4 T. Roughly speaking, the high-field shift with decreasing temperature, which corresponds to the decrease of the spin susceptibility, suggests formation of spin-singlet Cooper pairs. The line broadening should be ascribed to the field inhomogeneity caused by formation of a vortex lattice.
Assuming that the isotropic and anisotropic Knight shifts are zero at the lowest temperature 4.2 K, we simulated the line shape at 4.2 K. In this simulation, we assumed that all the carbons have the same nonaxial chemical-shift tensor, as used in the previous analysis of pure C 60 solid. 15, 19 The assumption is based on an observation that almost all the sp C 60 solid. 19 It is found that the anisotropy is very close to that of pristine C 60 , supporting assumption ͑3͒ in Sec. II A.
Next we discuss the additional broadening of ⌬ϭ43 ppm ͑ϭ4.0 G͒. In the vortex state, the second moment of the field inhomogeneity due to vortex lattice ⌬H 2 is approximated to 38 ͱ⌬H 2 ϭ ⌽ 0 2 ͱ16 3 .
͑11͒
The observed second moment is ⌬ 2 /2ϭ8.0 G 2 ϭ͑2.83 G͒ 2 for the Gaussian line shape. Using this value, we have 570 nm for from Eq. ͑11͒. This value is compared to 600 nm obtained from NMR ͑Ref. 2͒ and 480 nm obtained from muon spin relaxation. 39 Furthermore, if we use 3 nm for ͑Ref. 40͒
and Nϭ1/3, ␦ dia ϭ7.2 ppm. In this case, the isotropic chemical shift is 148ϩ7.2ϳ155.2 ppm, slightly larger than 150 ppm used in the simulation of normal states. This value for is, however, a lower limit, because there would be an additional broadening, for example, caused by inhomogeneity of ␦ dia in the crystal. Then, we estimate in an alternative way as follows. The value for recently determined by magnetic susceptibility measurements for K 3 C 60 single crystals is ϳ853 nm on average, which distributes in a range of 770-1020 nm. 40 This value leads to ␦ dia ϭ3.2 ppm and ␦ iso ϭ151 ppm, supporting assumptions ͑2͒ and ͑3͒.
III. SUMMARY
In summary, we determined the anisotropic hyperfine coupling tensor as 2͑Ϫ1.68, Ϫ1.68, 3.37͒ (10 6 rad/sec) for C 60
3Ϫ
. Combined with the isotropic hyperfine coupling constant of a iso /2ϭ(0.69Ϯ0.06)ϫ10 6 rad/sec, the present results indicate that the conduction-electron wave functions at the Fermi level mainly consist of a carbon 2p z orbital. The result roughly agrees with band calculations, while the contribution from the 2s state to 13 C-1/T 1 is slightly larger than the estimate of Antropov et al. based on local-densityapproximation calculation. The Korringa relation examined provided evidence for the existence of weak but substantial antiferromagnetic fluctuation in A 3 C 60 . This should be ascribed to an electronic correlation effect or the combined effect of a short mean free path with electronic correlation in the materials. 41 An analysis of the 13 C-NMR spectrum of the superconducting state justified the assumptions used in the simulation at normal state and the origin of the Knight shift. Jpn. 54, 666 ͑1985͒.
FIG. 7. Comparison of experimentally observed
13 C-NMR spectrum with simulated line shape at 4.2 K in the superconducting state. In the simulation, single chemical-shift tensor ͑215, 182, 47͒ ppm was assumed and Gaussian convolution of a width of 43 ppm was used to take an additional broadening into account.
